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Introduction
Nepenthes pitcher plants (Nepenthaceae) employ highly specialized fluid-filled traps to attract, kill, and digest invertebrate prey, from which they extract nutrients (Kato et al. 1993; Moran 1996; Schulze et al. 1997; Moran and Moran 1998; Moran et al. 1999) . Along with other carnivorous plants, Nepenthes typically occur in open, sunny habitats (Lü ttge 1983; Givnish et al. 1984; Benzing 1987) . Nepenthes ampullaria Jack is an anomaly among lowland Nepenthes species in that it is most common in closed canopy forest, e.g., heath forest and peat swamp forest (Clarke 1997 (Clarke , 2001 ). This habitat preference is consistent over the wide geographical range of the species, from Thailand to the islands of the Sunda Shelf to New Guinea.
The morphology of N. ampullaria is also highly atypical in several respects ( fig. 1A) . First, the pitcher lid is vestigial and reflexed away from the pitcher mouth, and the leaf blade is unusually small, which allows material to fall directly into the pitcher from above. In most other lowland Nepenthes species, the lid is positioned over the pitcher mouth and prevents vertical entry of matter into the pitcher (e.g., Nepenthes rafflesiana Jack; fig. 1B ). Second, nectar glands (a fundamental component of the prey attraction mechanism [Juniper et al. 1989] ) are rare or absent from the pitcher lid, and those surrounding the pitcher mouth are smaller than those of congeners (Macfarlane 1893; Lloyd 1942) . The wax-covered zone, which causes prey to lose its foothold within the pitcher in other Nepenthes species, is absent (Macfarlane 1893; Juniper and Burras 1962; Clarke 1997 Clarke , 2001 , as are the "lunate" cells, modified overhanging stomatal guard cells with a putatively similar function (Pant and Bhatnagar 1977) . Finally, the spatial deployment of pitchers is unique among the genus and often results in an extensive, densely packed "carpet" of pitchers 1 Author for correspondence; e-mail jmoran@uvic.ca.
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resting on the forest floor, which thereby minimizes vertical overlap and maximizes the area for interception of material falling from above ( fig. 1C) . Cresswell (1998) found that plant material accounted for 150% of the necromass in pitchers of this species in Bornean heath forest, although no suggestion was made that this material was utilized by the plant. Other studies show N. ampullaria to have very low invertebrate prey capture rates relative to other Nepenthes species in both Sumatra and Borneo (Kato et al. 1993; Adam 1997) . Nepenthes ampullaria pitchers are long lived, as might be expected of a plant relying on a slow but steady trickle of nutrients. For example, the functional life of pitchers in this species can be 16 mo, compared with a "typical" insectivorous species such as Nepenthes mirabilis Druce, whose pitchers are functional for !1 mo (Clarke 1997 ; open circle) and closed canopy heath forest n p 20 stands (litterfall present;
; filled circle). Points represent means; n p 20 bars represent 1 SE.
hypotheses, the role of N uptake by the roots is ignored. We believe this to be a valid approach because two studies have shown that root uptake of N is minor compared with pitcher uptake in mature Nepenthes plants with functional pitchers (Schulze et al. 1997; Moran and Moran 1998) .
Material and Methods
The study was carried out in Brunei, northwest Borneo (4Њ34ЈN, 114Њ25ЈE, 10-20 m a.s.l.) and focused on two habitat types: tropical heath forest (kerangas) and open, secondary scrub (padang). Detailed accounts of Bruneian heath forest vegetation and stand structure are provided by Brü nig (1974) and Davies and Becker (1996) . The scrub vegetation was dominated by Rhodomyrtus tomentosa (W. Ait) Hassk (Myrtaceae), Melastoma malabathricum L. (Melastomataceae), Dillenia suffruticosa Griff. Martelli (Dilleniaceae), and Ploiarium alternifolium Melchior (Theaceae).
The experimental design was as follows: one Nepenthes ampullaria plant was sampled from each of 20 separate and discrete stands of heath forest (litterfall present) and 20 separate and discrete areas of open scrub (litterfall absent) within a highly fragmented mosaic of both habitat types over a ca.
-25 # 25 km area. For each plant, a foliar sample (pitcher lid) was collected from its most recent fully developed pitcher. In addition, one recently abscised and physically intact leaf litter sample was collected from the forest floor of 10 of the heath forest stands. All leaf litter samples were ≤2 cm in length and sufficiently small to allow entry into a typical N. ampullaria pitcher.
All samples were oven dried for 48 h at 60ЊC, ground to a fine powder, and sent to the University of California, Davis, for isotopic determination using a mass spectrometer and elemental analyzer (ANCA-Hydra 20-20, PDZEuropa). Natural abundance of the heavy isotope (d 15 N) was expressed as per mil (‰) deviation from that of a standard material in the ratio of heavy to light isotope (atmospheric N 2 ) using the general formula
where X is the heavy isotope and R is the ratio of heavy to light isotope. Precision was ‫.‰2.0ע‬
The contribution of leaf litter-derived N (%N litter ) to total foliar N content of N. ampullaria was estimated using the ISOERROR1_03 two end-member mixing model (Phillips and Gregg 2001): 15 15 Shearer and Kohl (1989) to determine the contribution of fixed atmospheric N to plants. In that model, the end members were plants using 0% and 100% fixed N, respectively. For this study, it was not possible to obtain material from N. ampullaria plants whose N was 100% leaf litter derived, since this species traps invertebrate prey in both open and forested habitats. Therefore, we used leaf litter itself as a substitute and effectively ignored the possibility of isotopic fractionation during N uptake from this source. The implications of this are dealt with in "Discussion." Statistical analyses were carried out using SigmaStat v. 2.0 (SPSS, Chicago). Data were analyzed for normality and homogeneity of variance before performing t-tests (Sokal and Rohlf 1981) .
Results
The , ) , this result supports the Ϫ5.88‰ ‫ע‬ 0.45‰ n p 10 hypothesis that under forest canopy, N. ampullaria sequesters N from leaf litter trapped in its pitchers. In addition, plants growing within the forest sites showed significantly higher foliar N concentrations than did those at the open sites with no access to litterfall. Moran and Moran (1998) demonstrated that N. rafflesiana plants that were denied prey capture for several months were nonetheless able to maintain foliar N concentra-INTERNATIONAL JOURNAL OF PLANT SCIENCES tions similar to those of control plants. In this study, the fact that N. ampullaria plants growing at the open sites were unable to maintain N concentrations comparable to those growing on the forest sites suggests an unusually high degree of nutrient stress over a prolonged period in the absence of litter input. We believe that this observation may account in part for the scarcity of N. ampullaria at open sites. Cresswell (1998) reported that in Bornean heath forest, 150% of the necromass in N. ampullaria pitchers was plant tissue, and using the mixing model, we estimated that N. ampullaria plants growing in the forest derived of their total foliar N from leaf litter. 35.7% ‫ע‬ 0.1% Alternatively, the more negative d
15
N values for N. ampullaria growing on the forest sites might be due to enhanced N uptake via the roots in this habitat type, relative to the open sites. This is highly unlikely, however, since it has been demonstrated that the pitchers are the primary means of N uptake in the Nepenthes species studied so far (Schulze et al. 1997; Moran and Moran 1998) . When the pitchers are rendered inoperative by blocking the mouth, N uptake by the roots alone is insufficient to make up for the shortfall (Moran and Moran 1998) . Uptake by the roots (rather than the pitchers) would not, therefore, produce the observed increase in foliar N concentrations in N. ampullaria plants growing in the forest sites. Another potential source of N is via N 2 -fixing bacteria in the pitcher fluid, which occurs in some epiphytic bromeliads (Bermudes and Benzing 1991) and New World pitcher plants (Sarraceniaceae; Prankevicius and Cameron 1991) . However, in the absence of a plausible reason why N 2 fixation would occur preferentially under forest canopy, we believe that this possibility can also be discounted for the present.
Litterfall is a fundamental pathway in nutrient cycling within tropical forests (Vitousek 1984; Attiwill and Adams 1993) , and N transfer to the forest floor via litterfall in Bornean heath forest is in the order of 5-6 g m Ϫ2 yr
Ϫ1
, primarily in abscised leaves (Proctor et al. 1983; Moran et al. 2000) . More than 45% of the common tree species in Bornean heath forest are microphyllous (Brü nig 1974), which increases the probability of unimpeded entry of abscised leaves into N. ampullaria pitchers. A common strategy of plants in heath forest and other oligotrophic forests is the deployment of a shallow fine root mat to trap litterfall nutrients before they are leached down the soil column (Stark and Jordan 1978; Davies and Becker 1996) . Sitting above the soil surface, the pitchers of N. ampullaria are ideally positioned to intercept litter-held nutrients before they reach the fine roots of competing plant species. In this respect, the strategy of N. ampullaria is comparable to that of some epiphytic "tank" bromeliads of the New World tropics (Benzing 2000) .
Nepenthes ampullaria pitchers possess an abnormally broad peristome (pitcher mouth) in relation to their size (Moran et al. 1999 ) and effectively form a funnel capable of collecting water ( fig. 1A, 1C) . Therefore, a small amount of additional N may be available to the pitchers via throughfall (i.e., water dripping from canopy foliage), which contains N leached from the canopy as well as N fixed by lightning during electrical storms (Whitmore 1984) . However, N fluxes to the forest floor via throughfall are considerably less than in litterfall (Edwards 1982; Vitousek 1982; Attiwill and Adams 1993) , so the contribution of precipitation-borne N to the total N budget of the plant is likely to be minimal.
Since the majority of the N in leaf litter is organically bound (Attiwill and Adams 1993) , how might N. ampullaria access it? The Nepenthes pitcher contains an aquatic environment (or "phytotelm"; Frank and Lounibos 1983) , and litter decomposition rates in water are reduced as acidity increases, primarily because of inhibition of microbial activity (Kok and Van der Velde 1994) . Clarke and Kitching (1993) reported a mean pH of ( ) for N. ampullaria pitcher 3.72 ‫ע‬ 0.09 n p 20 fluid, a degree of acidity that might be expected to hinder decomposition. However, Nepenthes pitchers provide a habitat for a wide range of aquatic fauna; in Borneo, N. ampullaria pitchers support a complex food web containing up to 13 invertebrate species, with mosquito larvae predominant (Clarke and Kitching 1993) . Research elsewhere has demonstrated that mosquito larvae play a key role in leaf litter decomposition within tree holes, microenvironments that are analogous to Nepenthes pitchers (Carpenter 1982; Fish and Carpenter 1982; Yanoviak 1999) . Mosquito larvae excrete N as ammonium ions (Bradshaw and Creelman 1984) , which are also produced by bacterial degradation of leaf material (Walker et al. 1991) . Since ammonium transporters are present in the digestive glands of Nepenthes pitchers (Schulze et al. 1999) , there exists a potential pathway for the transfer of N from leaf litter to N. ampullaria via the pitcher fauna.
In the mixing model, we used the mean d N value in the order of Ϫ2.88‰. If we assume that this is then absorbed by the pitcher and substitute the value of Ϫ2.88‰ for the "100% leaf litter" end member in equation (2), the model produces an estimate of N derived from leaf 76.9% ‫ע‬ 0.2% litter. Therefore, our original estimate, although subject to the errors previously outlined, may be overly conservative.
The genus Nepenthes shows a remarkable diversity of pitcher form and prey specialization. Trapping strategies range from those of relatively simple "generalist" species such as Nepenthes bicalcarata Hook. f. and Nepenthes gracilis Korth (Clarke 1998; Moran et al. 1999) to species that target anthophilous insects (N. rafflesiana; Moran 1996; Moran et al. 1999) to sophisticated specialists such as Nepenthes albomarginata Lobb, which targets termites (Kato et al. 1993; Moran et al. 2001; Merbach et al. 2002) . Our study indicates that the diversity of trapping strategies in Nepenthes may be even broader than was previously assumed. The evolution of a singular combination of morphological adaptations has enabled N. ampullaria to occupy a unique nutritional niche within the genus, that of a leaf litter "scavenger."
